Currently, experimental evidence suggests that the surgical delay can increase flap survival area, but its effect may decrease if the optimal delay period is missed. The aim of this study is to establish a sensitive and objective modality based on the visualized and individualized infrared thermography for identifying the maximal surgical delay effect. A rectangular three-angiosome flap was designed on the unilateral dorsum of the rat. Ninety-six rats were randomly divided into six groups according to the various delay time. Both the relative temperature and the relative temperature ratio were measured by the infrared thermography. Arterial density, number of vessels >0.1 mm in diameter, microvessel density, VEGF concentration, and flap viability were measured. Receiving operating characteristic curve with the highest Youden-Index was used to detect and identify an optimal cutoff point of the relative temperature ratio in the maximal surgical delay effect. The criteria for identifying the flap maximum delay effect based on the infrared thermography included the surface of the postdelayed flaps presented white color (higher temperature) instead of the red and white pattern of the normal skin and the optimal cutoff point of the relative temperature ratio was ≥1.17 with a sensitivity of 84.6% and a specificity of 77.3%. Instead, the sensitivity and specificity of the conventional method based on the delay time were 38.5 and 90.9%, respectively. Infrared thermal imaging can accurately identify the maximum delay effect when combined with the relative temperature ratio.
Partial or total flap necrosis remains a major challenge in the field of pedicled flap surgery. The surgical delay has been demonstrated to be a reliable procedure to improve pedicled flap's survival area, [1] [2] [3] [4] [5] [6] but so far, the optimal delay period is still a controversial issue, which may be 5 days, 7 days, 14 days, 21 days, or 8-10 days in the literature. 4, [7] [8] [9] [10] [11] [12] [13] Thus, how to determine the optimal delay time continues to be unknown in the clinical practice, because various surgical delay animal models and delay procedures may significantly influence the delay period of reaching the maximal delay effect. 4, [7] [8] [9] [10] [11] [12] [13] In addition, Holzbach et al. 8 and Myers and Cherry 10 have demonstrated that the survival area of the postdelayed pedicled flaps is not proportional to the delayed duration. In other words, if the timing of flap transfer misses the optimal delay period of the pedicled flaps, the postoperative survival area of the pedicled flaps will decrease instead of increase. Thus, it is paramount for the surgeons to establish an objective, effective, and individualized modality for identifying the flap maximum delay effect.
Previous studies have found that the infrared (IR) thermography can accurately identify both the location of cutaneous perforators and the linking patterns between the adjacent angiosomes within a proposed flap donor site. [14] [15] [16] [17] Also, the IR thermography can be used to assess the flap perfusion, and detect early vascular compromise. [14] [15] [16] [17] Our previous study has shown that the IR thermography can accurately detect the dilation of the choke anastomotic vessels between the adjacent angiosomes following a surgical delay. 5 Therefore, the aim of this study was to establish a sensitive and objective modality based on the visualized and individualized infrared thermography for identifying the maximal delay effect and elaborate its underlying mechanism.
MATERIALS AND METHODS
This study was approved by the Institutional Review Board of our hospital. All animal experiments were performed according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and followed the ARRIVE (Animal Research: Reporting in vivo Experiments) Guidelines.
Before the experiment, the infrared thermography was used to exclude the rats with the direct anastomotic vessels in the proposed flap donor. A total of 97 adult male SpragueDawley rats weighing 300-350 g were used in this study. The rats were caged individually (ambient temperature [23] [24] [25] C; relative humidity 45-55%), and standard rat chow and tap water were supplied ad libitum. One of the 97 rats was used to Wound Rep Reg (2019) 27 39-48 © 2018 by the Wound Healing Society demonstrate the unilateral dorsal cutaneous vascular anatomy, and the others were randomly grouped into six groups according to the various delay periods, that is, normal group (0 day) and delayed groups (3 days, 5 days, 7 days, 9 days, and 11 days). The intraperitoneal injection of 10% chloral hydrate (3 ml/kg) was used to anesthetize all rats. All surgical procedures were performed under the standard sterile condition.
Flap model
After shaving, a rectangular flap of approximately 11 × 4 cm 2 in size was designed over the unilateral dorsum of the rat. The cranial boundary of the flap was located at 1 cm superior to the lower angle of scapula and its caudal boundary at 1 cm inferior to the posterior superior iliac spine (PSIS); the medial boundary of the flap lay at the midline of the spine and its lateral boundary at a line drawn from the PSIS to the posterior axillary fold ( Figure 1A ). Based on the previous study 5 and the cutaneous arteriography ( Figure 1B ), this flap includes three angiosomes: the thoracodorsal (TD) artery, the posterior intercostal (PIC) artery and the deep circumflex iliac (DCI) artery angiosomes; in addition, there are two corresponding choke zones, that is, TD-PIC and PIC-DCI choke zones. Surgical delay was performed by ligating and dividing the PIC artery perforator after isolating the island flap ( Figure 1C ). After surgical delay, the intramuscular injection of 1 ml/kg gentamicin sulfate (40 mg/ml) was administered to prevent infection. At various delay periods, the postdelayed flaps were elevated based on the DCI artery perforator ( Figure 1D ) and then were sutured in situ with 4-0 nonabsorbable suture.
Evaluation of the postdelayed flap's perfusion
An IR thermal camera (FLIR T650sc, FLIR Systems, Wilsonville, OR) was used to record and measure the temperatures of the postdelayed flap and three angiosomes and two choke zones before the surgical delay and at the scheduled delay time. The camera was placed at a fixed distance of 45 AE 1 cm from the rat dorsum. On the video sequences, the average temperatures of the flap and angiosomes and choke zones were measured respectively by specialized software (FLIR Research IR Max). To reduce the individual variances, a point of a 3 × 3 pixel was chosen on the ipsilateral helix region as the reference point ( Figure 1A , black arrow), and the measured temperatures were converted to relative temperatures (RT): RT = (T x -T r )/T r × 100, where T x represents the mean temperature of each region and T r represents the mean temperature of the reference point. To identify the maximum surgical delay effect, the relative temperature ratio (RTR) of the postdelayed flaps was calculated: the postdelayed RT/the predelayed RT.
Postmortem arteriography
At the scheduled delay time, the rats were euthanized with an overdose of 10% chloral hydrate and perfused with the lead oxide-gelatin mixture solution via the aorta. 18 After the cadavers were placed in 4 C freezer for 24 hours, the flaps were harvested and radiographed using a Siemens x-ray machine from (110 cm; 40 kV, 5 mA, 100 MS exposure). Based on the anatomy and IR thermal images of the flap donors, one each grid of 1 × 4 cm 2 in size corresponding the choke zone was constructed on the arteriograms ( Figure 1B ) and the arterial density in each choke zone was calculated: the number of all arteries /the area of the choke zone (n/cm 2 ).
Number of the vessels >0.1 mm in diameter, and microvessel density
At the scheduled delay time, a longitudinal tissue sample of 3 × 0.3 cm 2 in size was harvested from the angiosomes and the choke zones, respectively. All samples were fixed in 10% neutral buffered formalin solution for 24 hours and followed by the dehydration. Samples were embedded in paraffin and serially cut into 3 μm-thickness sections. Hematoxylin & eosin staining was used to assess the number of the vessels with the external diameter (D) > 0.1 mm (circumference [C] > 0.314 mm; C = πD) in the subdermis and muscle layers. The vessel external circumference was measured using Cellsens software under the light microscope (Olympus, 20×, 0.43 mm × 0.33 mm/field). In addition, microvessel density (n/mm 2 ) was evaluated in the subdermis 19 using immunohistochemical staining of CD31 (mouse monoclonal anti-rat CD31 antibody, 1:100 dilution; Novus Biologicals, Centennial, CO). Any brown endothelial cell cluster or endothelial cell was defined as a single countable microvessel. Five high-power fields (20×, 0.43 mm × 0.33 mm/field) with the largest number of microvessels were randomly selected and counted in each section.
Vascular endothelial growth factor
At the scheduled delay time, a longitudinal tissue sample of 4 × 1 cm 2 in size was harvested from the angiosomes and the choke zones. The tissue samples were immediately shock-frozen in liquid nitrogen. A tissue of 0.1 g from each tissue sample was triturated and lysed. The concentration of vascular endothelial growth factor (VEGF) protein was quantitated using enzyme-linked immunosorbent assay (rat VEGF Elisa kit, BlueGene Biotech, Shanghai, China), and expressed as ng/g sample tissue protein.
Flap viability
In the series, no flap necrosis was observed during the delay periods. The flap viability was observed on day 6 after the postdelayed flap was harvested based on the DCI artery perforator. Any black or brown skin, loss of epidermis, or eschar formation was defined as necrosis. The flaps were photographed using a digital camera (Canon, Tokyo, Japan) and the survival area was measured by the imaging analysis function of the Adobe Photoshop CS6 (Adobe Systems, San Jose, CA), which was expressed as a percentage: the survival area/the total area of the flap × 100%.
Statistical analysis
In the series, all measurements were performed as a blinded study by two unbiased investigators. All data were expressed as mean AE standard deviation. The normal distribution of all data was evaluated with the Shapiro-Wilk test at a significance level α = 0.05. The Mann-Whitney U test and the Kruskal-Wallis test were used to analyze data.
Receiving operating characteristic (ROC) curve 20 with the highest Youden-Index was used to identify an optimal cutoff point of the RTR for predicting the maximum delay effect. Sensitivity, specificity, and positive and negative predictive values were calculated by the correlation between the RTR and the survival area percentage of the flaps. A two-sided p < 0.05 was considered as statistical significance. Statistical analyses were performed with the IBM SPSS 21.0 (IBM Corp., Armonk, NY).
RESULTS

Alteration in infrared thermal imaging after surgical delay
On the IR thermograms, if only the choke anastomotic vessels exist in the normal flap donors, the surfaces of each angiosome present white (higher temperature), whereas those of each choke zone present red (lower temperature). The surface of the flap donors presented the red and white pattern. After the surgical delay, the red color over the surfaces of each choke zone was converted into the white color. The surface of the postdelayed flaps manifested a large white pattern on day 3 post delay ( Figure 2A) , and there was no significant difference in the relative temperature among the angiosomes and choke zones ( Figure 2B) . When compared to the normal group, the overall surface temperature of the postdelayed flaps on day 3, 5, and 7 significantly increased, but no significant difference was detected on day 9 and 11 ( Figure 2C ).
Conventional delay time for identifying the flap maximum delay effect
From day 3 post delay, in each choke zone, the arterial density ( Figure 3A ; Supporting Information Figure S1 . Chronological alteration in arteriogram following a surgical delay), the number of the vessels >0.1 mm in diameter ( Figure 3B ) and VEGF concentration ( Figure 3C ) significantly increased when compared with the normal group, but no significant difference was detected among the angiosomes and choke zones in the postdelayed flaps. Since the 5-day delay, the microvessel density ( Figure 3D ) significantly increased compared with the normal group, but no significant difference was found among the angiosomes and choke zones in the postdelayed flaps. Over delay time, although there was no statistically significant change (p > 0.05) in the arterial density and the number of the vessels >0.1 mm in diameter in the postdelayed flaps ( Figure 3A and B), a significant decrease in both the microvessel density and the VEGF concentration was observed in the postdelayed flaps ( Figure 3C and D).
With regard to the survival area of the flaps, the maximum survival area percentage occurred in the 5-day delay group (96.9%), followed by the 7-day delay group (95.2%); the average survival area percentage presented a declining tendency when the delay time surpassed 7 days although no statistically significant difference was detected among the delay groups (p = 0.111) ( Figure 4A ). However, if the maximum survival area percentage (96.9%) measured in the 5-day delay group was regarded as the occurrence of the maximal delay effect in the series, it could be observed in all delay groups ( Figure 4B ). This result indicates that identifying the maximal delay effect based on the delay time is not appropriate in the series, which manifested a heterogeneous and individualized distribution ( Figure 4B ).
Visualized infrared thermal imaging for identifying the flap maximum delay effect
In the series, the RTR was calculated as the postdelayed relative temperatures (RT)/the predelayed RT. When the maximal surgical delay effect in the series was identified by the RTR, there was a significant positive correlation between the survival area percentage and the RTR of the postdelayed flaps (Pearson's correlation coefficient = 0.534, p = 0.001; Figure 5 ).
Based on the Figure 4 and our clinical experience, if the maximum surgical delay effect in the series was set as the survival area percentage of ≥95% (the average survival area percentage at 7 days delayed period), ≥97% (at 5 days delayed period), ≥99%, and 100%, the ROC curve with the highest Youden-Index indicated that the cutoff points of the RTR for identifying corresponding the maximum surgical delay effect were ≥1.10, ≥1.17, ≥1.11, and ≥1.11, respectively ( Figure 6 and Table 1 ). According to the basic principle of ROC curve (the closer to 1 the area under the curve is, the higher the diagnostic accuracy is; the maximum area under the curve equal to 1 means that the diagnostic test is perfect in the identification of the maximal delay effect), 20 the flap survival area percentage of ≥97% could be regarded as the maximum surgical delay effect in the series, because it has the maximal area under the curve ( Figure 6 ). The optimal cutoff point of the RTR for identifying the maximum delay effect was ≥1.17 (Area under the curve = 0.902, p < 0.0001, 95% confidence interval: 0.798-1.000, YoudenIndex = 0.71; Figure 6B ). In the series, the criteria for identifying the maximal delay effect via the individualized and visualized infrared thermal imaging were that (1) the red color (lower temperature) on the surfaces of the choke zones was converted into the white color (high temperature) and the surface of the postdelayed flaps finally presented a large white pattern; (2) the optimal cutoff point of the relative temperature ratio was ≥1.17. The sensitivity, specificity, positive predictive value, and negative predictive value were 84.6, 77.3, 68.8, and 89.5%, respectively (Table 2) . Instead, if the 5-day delay was chosen as the criteria of identifying the maximum delay effect, its sensitivity, specificity, positive predictive value, and negative predictive value were 38.5, 90.9, 71.4, and 71.4% (Table 3) .
DISCUSSION
This study shows that when compared to conventional method of identifying the maximal surgical delay effect based on the delay period, the IR thermography is a more sensitive and objective modality, which includes: (1) on the IR thermography, the whole surface of the post-delayed flaps presents white color instead of postdelayed red and white pattern; (2) the optimal cutoff point of the RTR is ≥1.17 with a sensitivity of 84.6% and a specificity of 77.3%. In addition, the maximum surgical delay effect derives from the optimization of vasodilation and angiogenesis after a surgical delay.
Disadvantages of the conventional method of identifying the maximum delay effect based on the delay time Previous studies, 1,4,7,9,11-13 which have identified maximum surgical delay effect based on the delay time, has some limitations: First, as for each flap, there exists individual variance; it may take more or less time to reach the maximal delay effect; Second, if the optimal timing of flap transfer after a surgical delay were missed, the survival area of the flap would decrease. In addition, previous studies have proposed the optimal delay period by comparing the average survival area percentage of the flaps at various delay periods, which may ignore the individual variance. Our results showed that if the average survival area percentage of the flaps in the 5-day delay group was chosen as the maximal delay effect, the flaps with the maximal delay effect could be observed in the 3, 5, 7, 9, and 11-day groups, although it was most seen in the 5-day group, suggesting that the maximal surgical delay effect was not closely related to the delay time. In the series, if the 5-day delay was chosen as the optimal delay period, 8 of 13 flaps with the maximal delay effect would be missed. 
Advantages of visualized infrared thermal imaging for identifying the maximum delay effect
In the series, if choosing the visualized and individualized infrared thermal imaging as the criteria, 11 of 13 flaps with the maximum delay effect would be detected; instead, based on the delay time (5 days), only five flaps could be detected (Tables 2 and 3 ). As for the prediction of negative results, there was no significant difference between two methods (20 of 22 flaps without the maximum delay effect based on the delay time; 17 of 22 flaps based on the IR thermography; Tables 2 and 3 ).
Mechanism of the maximum delay effect of the flap
Previous studies have proposed that the maximal surgical delay effect was derived from dual effects of vasodilation and angiogenesis, which were superimposed at 5-day delay period. 8 In the series, if the maximal surgical delay effect was the average survival area percentage of the flaps in the 5-day delay group, the flaps with the survival area percentage could be observed in the 3, 5, 7, 9, and 11-day delay group (Figure 4B) , suggesting that the maximal surgical delay effect may be derived from the optimization of vasodilation and angiogenesis.
Vasodilation and angiogenesis after a surgical delay
In this study, the dilation phenomenon of the choke vessels after a surgical delay was identified by the arterial density on the arteriograms and the number of the vessels with diameter >0.1 mm on the histological sections. Our results showed that the dilation of the choke vessels started at 3 days and continued to increase. Morris and Taylor have demonstrated that the dilation of the choke anastomotic vessels was permanent and irreversible, which occurred between 48 and 72 hours following a surgical delay. 3, 4 In the series, the angiogenesis phenomenon was identified by the microvessel density in the angiosomes and the choke zones. Our results showed that a significant increase of microvessel density appeared on day 5 postdelay, but after 5 days, microvessel density significantly decreased. The angiogenesis in the surgical delay phenomenon is associated with the up-regulation of endogenous VEGF expression, Figure 6 . The ROC curve with the highest Youden-Index analyzed the cutoff point of the relative temperature ratio for identifying the survival area percentage of ≥95% (A), ≥97% (B), ≥99% (C), and 100% (D).
which promotes angiogenesis by sprouting from a preexisting capillary network. [21] [22] [23] During sprouting angiogenesis, blood flow drives the formation of the lumen by inducing spherical deformations of the apical membrane of endothelial cells. 24 In the absence of endogenous VEGF, new-formed immature microvessels start regressing, 21, 25 contributing to the decrease in microvessels density.
The decline of the surgical delay effect, when the timing of flap transfer misses the optimal delay time, could be explained by the regression of the new-formed microvessels. The study of Jiang et al. has been confirmed that endogenous VEGF concentration has a direct positive correlation with the vasodilation and angiogenesis in the surgical delay phenomenon (accept but unpublished data). 26 As the secretion of endogenous VEGF manifests itself in a time-dependent manner, the effects of vasodilation and angiogenesis present a pattern of first increase and then decrease over time.
The increase in the temperature of the postdelayed flaps is associated with the increased perfusion following the surgical delay, which is closely related to the effects of both vasodilation and angiogenesis induced by the surgical delay. Figure 7 illustrated the mechanism of the IR thermography for identifying the maximal surgical delay effect. In addition, the temperature increase in the postdelayed flap may also be associated with the other factors, such as the hyperadrenergic state and autonomic thermoregulation mechanism, which need to be confirmed by further studies.
The innovations and limitations of this study
To our knowledge, this is the first time demonstrating that the IR thermography can be chosen as a modality of identifying the maximal surgical delay effect. Compared with computed tomographic angiography (CTA) and indocyanine green angiography, the IR thermography is a noninvasive and continuous modality of monitoring flap perfusion. 27, 28 Also, the CTA has the disadvantages of ionizing radiation. 27 This cutoff point in the animal experimental setting has yet to be proven its validity in the clinical practice and to provide robust evidence for clinical application, because the vascular anatomy of rat skin is completely dissimilar to that of humans. However, we strongly believe if chosen the delay time as the variable to identify the maximum delay effect, most of the flaps with the maximum delay effect will be missed.
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